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Two lines ofrat hepatocytes, designated 6/15 and
6/27, were obtainedfrom carcinogen-treated liv-
ers by cultivation in medium containing the liver
tumor promoter, phenobarbital (PB). Both lines
appeared to be PB-responsive and to have an un-
limited in vitroproliferative lifespan, ie., immor-
tality. The ability ofpure 6/27hepatocytes toform
coloniesfrom single cells was strictly dependent
upon PB, it was reduced by 97 to 99% in the ab-
sence ofPR These hepatocytes were not tumori-
genic. For 6/27 hepatocytes in early passages
where cultures contained fibroblast contami-
nants and later when they were apure culture, PB
was able to enhance colony growth from single
ceUs andfacilitatedpopulation expansion by sus-
taining DNA synthesis and by inhibiting ceU lysis.
The 6/15 line displayed PB-dependent colonyfor-
mation and was not tumorigenic at early pas-
sages. At later passages 6/15 hepatocytes were
less dependent on PBfor colony formation, and
they formed hepatocelular carcinoma when
transplanted into livers of syngeneic rats. The
demonstration that PB sustained the prolifera-
tion and viability of hepatocytes with enhanced
growth capacity and indefinite proliferative life-
span suggests that PB may be necessaryforpro-
gression ofthese chemically initiated hepatocytes
to immortal and tumorigenic lines in vitra (Am
J Pathol 1995, 146:1248-1259)
Carcinogenesis is a multistep process in which ma-
lignant neoplasms evolve from non-malignant precur-
sor lesions, which may include benign intra-epithelial
neoplasias, dysplasias, metaplasias, and hyper-
plasias.1 Multiple steps of neoplastic evolution have
also been observed in in vitro model systems.2 The
first heritable alteration in growth capacity that can
be identified in carcinogen-damaged cells in vitro
is a phenotype of extended proliferative lifespan
or enhanced growth capacity. Extended-lifespan/
enhanced-growth variants (EL/EGVs) are able to pro-
liferate and form colonies in vitro under conditions in
which normal cells senesce or degenerate and die.23
This altered growth capacity has been used to
select for outgrowth of chemically initiated rat
hepatocytes,6-10 rat tracheal epithelial cells,2 and
mouse keratinocytes.1I1 EL/EGVs can be shown to be
precursors to immortal lines that emerge when EL/
EGVs cease to grow after entering crisis in vitro.23
Further progression of immortal lines to tumorigenic
lines appears to require acquisition of additional char-
acteristics including anchorage independence, au-
tocrine growth stimulation, and loss of tumor suppres-
sion in cell hybrids.2 5 When placed back into their
tissue of origin, EL/EGVs and immortal lines may re-
produce the pathological states of hyperplasia, dys-
plasia, and intra-epithelial neoplasia.212'13 Thus in
vitro steps of neoplastic evolution appear to corre-
spond to in vivo steps.
In several animal models, carcinogenesis can also
be demonstrated to occur by stages known as ini-
tiation, promotion, and progression.14,15 A single epi-
sode of exposure of proliferating cells to a chemical
carcinogen may produce a population of initiated
cells which, in the absence of further treatment, re-
mains latent and fails to develop into neoplasia. When
chronically exposed to a tumor promoter, such initi-
ated cells develop into benign and malignant neo-
plasms. Tumor promoters may stimulate both the
clonal expansion of initiated cells and their progres-
sion to neoplasia. The mechanisms of tumor promo-
tion by phenobarbital (PB) may include inhibition of
normal hepatocyte growth16 and inhibition of apop-
totic cell death by normal and initiated hepatocytes.17
Supported by PHS grants CA42765, CA59495 and ES05948.
Accepted for publication February 8, 1995.
The first and second authors made equal contributions to this
paper.
Address reprint requests to William K. Kaufmann, CB 7295, Rm.
351, Lineberger Comprehensive Cancer Center, University of North
Carolina at Chapel Hill, Chapel Hill, NC 27599-7295.
1248
Phenobarbital-Dependent Rat Hepatocytes 1249
AJP May 1995, Vol. 146, No. 5
During the promoter-induced expansion of clones of
initiated hepatocytes, a small fraction acquire the ad-
ditional alterations in growth control that are neces-
sary for their progression to neoplasia.
Initiated hepatocytes in the rat liver may be rec-
ognized as altered hepatocyte foci. (AHF). The popu-
lation of AHF induced by carcinogen is quite hetero-
geneous and displays significant variation in
expression of a variety of phenotypical traits.18 More-
over, different tumor promoters appear to act on dif-
ferent populations of initiated AHF. PB enhances de-
velopment of neoplasms that express glutathione-S-
transferase placental isoform (GSTP), whereas
peroxisomal proliferators enhance the development
of GSTP-negative neoplasms. 19 To understand better
the mechanisms underlying the promotion and pro-
gression stages of hepatocarcinogenesis, it would be
useful to delineate the features of initiated AHF that
are necessary for their development into malignant
lesions. Normal rat hepatocytes express limited pro-
liferative capacity in cell culture medium containing
10% fetal bovine serum (FBS).7920 Chemically initi-
ated hepatocytes display enhanced growth capacity
in vitro through extension of proliferative lifespan.7'9
We had shown previously that PB was required for
outgrowth of hepatocyte colonies in primary cultures
derived from chemically treated liver.9'10 However,
immortal lines were not established. In this report, we
isolated hepatocytes from rat liver soon after a single
administration of carcinogen in vivo. The primary
hepatocytes were seeded onto a feeder layer of ir-
radiated rat liver epithelial cells. Subsequent propa-
gation of hepatocytes on plastic dishes appeared to
select for outgrowth of permanent hepatocyte lines.
These hepatocyte lines displayed the unique char-
acteristic that immortality was conditioned by PB so




Isolation of Hepatocytes, and in Vitro
Cell Culture
F344 male rats (Charles River Breeding Laboratories,
Raleigh, NC) were subjected to a two-thirds partial
hepatectomy at 7 weeks of age and administered 0.1
mmol/kg methyl(acetoxymethyl)nitrosamine (DMN-
OAc) via the portal vein at 18 hours post-
hepatectomy.21 Five or 7 weeks after treatment with
carcinogen, livers were perfused through the vena
cava with 0.1% collagenase to dissociate hepato-
cytes, and hepatocytes were isolated by differential
centrifugation.9'10 Hepatocytes were plated onto a
confluent monolayer of e-irradiated (80 GY) rat liver
epithelial cells (WB cells4) in growth medium contain-
ing 10% FBS and 2 mmol/L PB. The growth medium
consisted of minimum essential medium (MEM with
Earle's salts, GIBCO Laboratories, Life Technologies,
Inc., Grand Island, NY) with 10 mmol/L HEPES, 2 x
10-3 mmol/L FeCI3, 7 x 10-4 mmol/L insulin, 0.1
mmol/L L-proline, 26 mmol/L NaHCO3, 5 x 10-4
mmol/L ZnSO4, 3 x 10-3 mmol/L cyanocobalamin, 1
mmol/L sodium pyruvate, 2 mmol/L L-glutamine, 0.1
mmol/L nonessential amino acids, and 1 x MEM vi-
tamin solution (GIBCO Laboratories). Cells were in-
cubated at 37 C in the growth medium containing
10% FBS and 2 mmol/L PB under a water-saturated
atmosphere of 5% CO2. Three months after the initial
plating of hepatocytes, dishes were confluent with
hepatocytes, which were then detached with colla-
genase and placed into plastic dishes without a
feeder layer. Under these conditions the normal hepa-
tocytes degenerate and die.7'9'20 The two isolates,
derived from livers 5 and 7 weeks after treatment with
DMN-OAc, were designated 6/15 and 6/27, and were
periodically passaged to maintain the growth of the
initiated hepatocytes. Upon passage, cells were rou-
tinely released from dishes with 0.05% trypsin and
sedimented by centrifugation at 200 to 400 RPM for
10 minutes. Cell pellets were then resuspended in
growth medium with 10% FBS and 2 mmol/L PB and
incubated on dishes for 20 minutes to allow selective
attachment of fibroblasts that had also colonized the
feeder layers. After attachment of fibroblasts, the en-
riched hepatocyte suspension was removed and
placed into a fresh dish for attachment and outgrowth
of hepatocytes. Repetitive cycles of passaging with
selective detachment of hepatocytes and selective
attachment of fibroblasts proved successful in the es-
tablishment of pure hepatocyte cultures at passage
77-81 The RLE-57 hepatocellular carcinoma line was
obtained by collagenase digestion of a tumor-bearing
rat liver 64 weeks after DMN-OAc initiation.21
Determination of Hepatocyte Growth,
DNA Synthesis, and Viability
The effect of PB on growth of hepatocyte colonies in
mixed cultures with fibroblasts was studied by plating
2000 hepatocytes per 60 mm-diameter plastic dish.
Hepatocyte numbers in cell suspensions were deter-
mined by hemocytometer counting.10 The initial
seeding of the cultures was in medium containing PB.
PB was removed from half of the cultures 18 hours
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after the seeding, and medium was changed every
other day. For analysis of colony formation, replicate
cultures were fixed with methanol:acetic acid (3:1) on
days 4, 8, 12, and 16 after seeding. Colonies were
stained with hematoxylin and eosin, and then their
numbers were determined using a stereomicro-
scope. The sizes of colonies were determined by
using a stereomicroscope equipped with a camera
lucida to trace colony outlines over a digitizing
tablet. The Bioquant computer software program
(BIOQUANT System IV, R & M Biometrics, Inc.,
Nashville, TN) was used to determine the area of each
colony.
Colony formation and growth by pure hepatocyte
lines was assessed by seeding 2000 hepatocytes per
60 mm-diameter dish in medium with PB. After cell
attachment in the presence of PB, the medium was
replaced with medium with or without 2 mmol/L PB.
Cells were fixed and stained after 2 to 3 weeks of
colony growth. Colony-formation efficiency (CFE) was
determined as the number of hepatocyte colonies di-
vided by the number of hepatocytes that were
seeded.
Population-doubling times for the pure hepatocyte
lines were estimated from the slope of the growth
curve during the logarithmic phase of population ex-
pansion. Hepatocytes were seeded at 5000 cells/cm2
in medium containing PB. After attachment overnight,
PB was removed from half of the cultures. At various
days in the presence or absence of PB, cell numbers
were determined using a Coulter model ZM electronic
particle counter (Miami, FL). Growth curves were also
determined at initial hepatocyte seeding densities of
2500 cells/cm2 and 1000 cells/cm2.
For analysis of DNA synthesis in hepatocytes, cell
cultures were seeded in the presence of PB and in-
cubated overnight. PB was then removed from half of
the cultures. Hepatocytes were incubated with 2.5
pCi/ml of tritiated thymidine for 18 hours after various
numbers of days in the presence or absence of PB.
Cells were fixed, and the percentage of labeled nuclei
was determined by autoradiography as previously
described.10 To determine the viability of hepatocyte
cultures, cells were incubated with 0.5% trypan blue
dye in phosphate-buffered saline. Trypan blue-
permeable hepatocytes with blue nuclei were




Cells were grown on Lab-Tek chambered slides
(Nunc, Denmark) and fixed with ice-cold acetone for
1 hour before staining. Immunocytochemical staining
for GSTP was carried out according to the method
described in the StrAviGen FASTest Universal Im-
munostaining Kit purchased from the BioGenex
Laboratories (San Ramon, CA). Anti-GSTP polyclonal
antibody was kindly provided by Dr. Ross Cameron
(Toronto General Hospital, Toronto, Canada).
For electron microscopy, cells grown on plastic
dishes were fixed with 3% glutaraldehyde in serum-
free medium, postfixed with 1% osmium tetroxide and
1.25% potassium ferrocyanide in 0.1 mol/L sodium
phosphate buffer, pH 7.4, and then embedded in
Poly-Bed 812 resin (E. Fullam, Latham, NY). Sections
of 70-nm thickness were stained with 4% aqueous
uranyl acetate and lead citrate. Stained sections were
examined in a Zeiss EM 10 electron microscope
(Oberkochen, GDR).
Tumorigenicity Assays
For tumorigenicity assays hepatocytes were sus-
pended in HBSS at 2 x 106 cells per ml. One million
cells were transplanted into dorsal tissue of newborn
syngeneic Fisher 344 rats by subcutaneous injection
within 24 hours after delivery.4 These recipients were
then subjected to subcutaneous injection of 0.5 ml
HBSS with 2 mmol/L PB twice a week until weaning,
after which they were fed diet containing 0.05% PB.
For most analyses, transplantation was done by in-
jection of 106 cells into the portal veins of male F344
rats (100 to 120 g body weight), which were subjected
to a two-thirds partial hepatectomy 18 hours before
the injection.22 Immediately after transplantation,
these recipients were placed on an AIN-76A diet con-
taining 0.05% PB. The rats were monitored daily for
tumor development. One, two, or four months after
cell injections the recipient rats with intrahepatic
transplants of cultured 6/15, 6/27, and RLE-57 hepa-
tocytes were sacrificed. Liver tissue was fixed in 10%
buffered formalin then sectioned at 1 to 2-mm inter-
vals. Visible tumor masses were identified and saved
for paraffin-embedding and histologic diagnosis in
H&E-stained sections. Rats with subcutaneous tu-
mors were sacrificed when tumors reached 1 to 3 cm
in diameter. Tumors were fixed in 10% buffered for-
malin and paraffin-embedded sections were pre-
pared for histological diagnosis.
Statistical Analyses
Statistical significance for paired samples was evalu-
ated by Student's t-test. Probability values <0.05 were
considered to be significant. The coefficient of cor-
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relation (R) between relative colony formation and
time of withdrawal of PB was determined by linear
regression analysis.
Results
Chemically Initiated Hepatocytes with
Extended Proliferative Lifespan
Degenerate in the Absence of PB in Vitro
Hepatocytes from rats that had been treated to initiate
hepatocarcinogenesis were initially seeded onto
feeder layers that supported extensive hepatocyte
outgrowth. After 3 months dishes were confluent with
hepatocytes and mesenchymal cells, which were
also released from livers during perfusion. Cells in
primary cultures were released from dishes with col-
lagenase and placed into plastic dishes without
feeder layers. Proliferative hepatocyte colonies and
mesenchymal cells were identified within these sec-
ondary cultures. Successive repetitive passaging of
cells from the secondary cultures was done on plastic
plates to select for the outgrowth of hepatocytes with
extended in vitro proliferative lifespan. During pas-
sages of these secondary cultures, the feeder layer
cells that had lost reproductive function due to
y-irradiation and dead hepatocytes were depleted
from cultures, while fibroblast-like mesenchymal cells
and hepatocytes with extended proliferative capacity
persisted.
Two such cultures, designated 6/15 and 6/27, were
obtained from two rat livers. The primary cultures
were considered as passage zero. Both 6/15 and
6/27 hepatocytes were morphologically similar as pri-
mary and secondary cultures in growth medium con-
taining 10% FBS and 2 mmol/L PB (Figure 1, A and
C). These cells were polygonal in shape with clearly
defined nuclei and a prominent central nucleolus.
Some cells were binucleate. In contrast, the contami-
nant liver mesenchymal cells in the background
showed typical fibroblast-like morphology. The mor-
phology of the hepatocytes changed considerably
after withdrawal of PB. The cell outlines became less
clear. The cytoplasm appeared to swell and con-
tained more vacuoles. Eventually, hepatocytes lysed
(Figure 1 E) and disappeared from dishes (Figure 1 F).
Both 6/15 and 6/27 hepatocytes expressed albumin
and GSTP mRNA as determined by Northern blot
analysis (not shown). Both hepatocyte lines also were
uniformly positive for expression of GSTP protein, a
liver tumor marker that identifies virtually all AHF in
PB-promoted livers18 (Figure 1, B and D). Immuno-
cytochemical staining for this marker was reduced or
completely lost in most remnants of hepatocyte colo-
nies seen 12 days after PB was removed from the
medium (not shown).
Hepatocytes with Extended Lifespan
Require PB for Growth and Viability
As hepatocytes displayed distinctive morphology,
hepatocyte colonies were readily distinguished from
fibroblast contaminants in the secondary cultures. To
determine the influence of PB on hepatocyte growth
in secondary cultures that contained both hepato-
cytes and fibroblast contaminants, the numbers and
average sizes of hepatocyte colonies that formed on
plastic dishes under plus- or minus-PB conditions
were quantified at various times during 18 days of
observation. This colony growth assay was repeated
six times both on chambered slides and dishes with
similar results. The results of representative experi-
ments with hepatocytes that had been in culture con-
tinuously for 2.5 years (passage 55) are shown in Fig-
ure 2. In the presence of PB hepatocytes grew
continuously, and colony numbers were stable. In the
absence of PB the numbers of hepatocyte colonies in
both cell lines decreased progressively with time.
However, the average size of the few persisting 6/27
hepatocyte colonies increased slowly in the absence
of PB. The size of 6/15 hepatocyte colonies no longer
increased 4 days after PB removal, and the numbers
of colonies dropped to zero as the hepatocytes lysed
and detached from dishes (Figure 2).
To determine how PB influenced growth of hepa-
tocyte colonies, the rates of DNA synthesis and cell
death were determined. Cell cultures were seeded in
the presence of PB overnight for attachment. PB was
then removed from half of the cultures. At day 4 after
attachment in the presence of PB, nuclear labeling
indices in hepatocyte colonies were 62 and 57% for
6/15 and 6/27 hepatocytes, respectively (total of 500
hepatocyte nuclei were counted). In contrast, after 4
days in the absence of PB, the labeling indices were
reduced to 16 and 30% for 6/15 and 6/27 hepato-
cytes, respectively. Withdrawal of PB reduced he-
patocyte DNA synthesis by two- to fourfold. Cell vi-
ability in colonies was estimated by incubating cells
with trypan blue, which stains nonviable cells. The
percentages of trypan blue-positive (dead) cells in
hepatocyte colonies after 4 to 8 days in the presence
of PB were 1.6 ± 1.0 and 8.3 + 0.8 for 6/15 and 6/27,
respectively. In the absence of PB the percentages
of trypan blue-positive cells were 8.3 + 0.7 and 17.2
± 2.0 for 6/15 and 6/27 hepatocytes, respectively
(mean + SD, n = 3). The increases in the percentages
1252 Chiao et al




Figure 1. Hepatocytes degenerate in the ab-
sence of PB. Phase-contrast photomicrographs
illustrate the morphologies of 6115 (A) and
6127 (C) hepatocytes at passage 55, a dying
6127 colony witb lvsed hepatocytes 12 days
after withdrawal of PB (E), the disappearance
of a 6127 colonzy 12 days after withdrawal of
PB (F). Expression of GSTP in 615 (B) and
6127 (D) hepatocytes was demonstrated by im-
munocytochemistry. The cells surrounding he-
patocyte colonies were fibroblast contaminants.
of dead cells in the absence of PB were significant (P
< 0.05). Responsiveness to PB was unique to the
hepatocytes in these cultures. When PB was removed
from cultures, the fibroblast contaminants still formed
proliferative colonies with high DNA-labeling indices
(not shown).
Morphology and Tumorigenicity of
Hepatocyte Lines
By selectively detaching hepatocytes with trypsin in
combination with differential centrifugation of the cell
suspension and selective attachment of fibroblast-
like cells upon seeding of the cells, pure hepatocyte
cultures were obtained at passage levels 77 to 81.
Both pure 6/15 and 6/27 lines had morphology char-
acteristic of hepatocytes under light microscopy (Fig-
ure 3 A&C). A clonally derived subline of 6/27, des-
ignated 6/27 Cl was indistinguishable from the
parental 6/27 line. Electron microscopy of 6/27 Cl
hepatocytes (Figure 3B) demonstrated canaliculi-like
structures with lumenal microvilli, and junctional
structures including desmosomal complexes that
seal off the canalicular space from the remaining ex-
tracellular space.23
The 6/15, 6/27, and 6/27 Cl hepatocytes were
tested for tumorigenicity in syngeneic rats (Table 1).
When tested before passage 45, the injected hepa-
tocytes contained fibroblast contaminants. At later
passages, the injected hepatocytes were from pure
cultures free from fibroblasts. The RLE-57 hepatocel-
lular carcinoma line was used as a positive control.
RLE-57 cells were highly tumorigenic, forming hepa-
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Figure 2. Colony formation assayfor 6115 and 6127 hepatocytes cultured witb or without 2 mmol/L PB. Hepatocytes at passage 55 were released
from dishes with trypsin and seeded at single-cell density in medium with PB. After 1 day when cells had attached, PB was removedfrom medium
of half of the dishes. At various times later, cells were fixed and stainedfor enumeration of colony outgrowth. The numbers of615 and 6127 he-
patocyte colonies (A and C respectively, mean + SD) and the sizes of615 and 6127 hepatocyte colonies (B and D respectively, mean ± STEM) are
depicted.
of newborn rats with a latency period of 3 to 4 weeks.
In contrast, the 6/15 and 6/27 cells when tested at
passages between 6 and 45 failed to develop into
hepatocellular neoplasms under the same condi-
tions, despite the administration of PB to the recipient
rats. After transplantation of 6/15 at passage 42, fi-
brosarcomas were identified within the host livers, but
no hepatocellular neoplasms were observed. A pure
culture of 6/15 hepatocytes was tested at passage 85.
At this time the 6/15 line was found to contain tumori-
genic hepatocytes, which uniformly produced mul-
tiple well-differentiated, trabecular hepatocellular
carcinomas in all the recipient livers (Figure 3D). The
6/27 hepatocytes were also examined for tumorige-
nicity after transplantation into newborn rats and into
the portal veins of syngeneic rats. Even when tested
at passage 95 as a pure culture the 6/27 hepatocytes
failed to form tumors. The clonal 6/27 Cl line at pas-
sage level 88 also failed to produce liver tumors after
transplantation.
Effect of PB on Pure Hepatocyte Lines
The effects of PB were analyzed with hepatocyte cul-
tures free of fibroblast contaminants (Table 2). For
6/15 hepatocytes, CFE was reduced by 43% in the
absence of PB. CFE by the 6/27 hepatocyte line was
reduced by 97% by withdrawal of PB from culture
medium. The 6/27 Cl clone also showed strict PB
dependency. There was a 99% reduction of colony
formation by 6/27 Cl hepatocytes when PB was re-
moved from culture medium. Clones of the 6/15 hepa-
tocytes were also isolated, but when tested in colony
formation assay, none of the 6/15 clones demon-
strated the strict dependence on PB seen in the 6/27
and 6/27 Cl lines.
The effect of PB on growth of 6/27 C1 hepatocytes
was further analyzed in a time-course study. Hepa-
tocytes were seeded as single cells at colony-
formation density. After attachment for 8 hours, PB
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Figure 3. Morphologies ofpure hepatocyte lines. (A and C) Phase-contrast photomicrographs ofpure 6127 and 6/15 lines, respectively, in which
fibroblast contaminants have been removed. (B) Electron micrograph of the 6/27 C1 line, showing a canalicular structure (indicated by the big
arrow), and junctional complexes (indicated by the smaller arrows). The insert demonstrates a desmnosonzal complex uith higher magnification.
(D) Photomicrograph ofa hepatocellular carcinoma thatformed after transplantation of the pure 6/15 line.
Table 1. Tumorigenicity Assaysfor 6115, 6127 and RLE-57 Hepatocytes
Portal Subcutaneous Observation period*
Cell line Passage +PB -PB +PB -PB Portal Newborn
6/15 <25 0/6 0/4 1-3
42 3/3t 2/2t 4
85t 6/6 5/5 4
6/27 <25 0/6 0/4 1-3
45 0/4 0/4 0/4 4 10
95t 0/12 0/5 2-4
6/27 Cl 88t 0/10 0/5 2-4
RLE-57 3/3 4/4 1 1
Control§ 0/2 0/2 4
Results are given as the number of rats with a liver tumor divided by the number of rats into which hepatocytes were transplanted.
*The time in months that animals were observed before sacrifice and necropsy.
tTumors were GSTP-negative fibrosarcomas.
tThe hepatocytes were injected as pure populations without fibroblast contaminants.
§Controls received HBSS by portal injection 18 to 24 hours after partial hepatectomy.
various times after its removal, PB was reintroduced
again with a medium change. The numbers of colo-
nies were counted 3 weeks after reintroduction of PB.
CFE of hepatocytes relative to controls was reduced
in a time-dependent fashion. Decay of colony forma-
tion ability appeared to obey first-order reaction ki-
netics with a T1/2 of about 20 hours (Figure 4, R =
0.99).
The influence of PB on hepatocyte population ex-
pansion was also analyzed with the pure hepatocyte
lines. Hepatocytes were seeded at 5000 cells/cm2 in
the presence of PB for attachment. PB was then re-
moved from half of the cultures, and the numbers of
hepatocytes were determined over time in the pres-
ence or absence of PB. In contrast to results obtained
in colony formation assays, hepatocytes appeared to
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Table 2. PB-Responsive Cell Proliferation in Hepatocyte Lines
Colony formation efficiency
(% ± SD, n = 3) Population doubling time (hours)
Cell line +PB -PB +PB -PB
6/15* 28 ± 1 16 ± 7t 43 82
6/27* 6.8 ± 0.2 0.2 + o.1t 48 139
6/27 C1* 18 + 2 0.1 ± 0.05t 35 88
*Aspects of cell proliferation were quantified using pure 6/15, 6/27, and 6/27 Cl hepatocyte lines at passages 90, 80, and 96, respectively.



















Figure 4. Time course of the loss of colony formation ability by pure
6127 Cl hepatocytes after withdrawal ofPB. Hepatocytes were seeded
as single cells in medium containing PB. PB was removed from the
cultures after 8 hours for attachment, then was reintroduced into
minus-PB cultures at various times later. Tbe nuimbers of colonies
were counted 3 weeks after seeding for determination of CFE. CFE in
the presence ofPB was considered to be 100%. The dashed line shows
the relative CFE of hepatocytes that were incubated for 3 weeks- with-
out PB. R = 0.99.
grow both in the presence and absence of PB. How-
ever, withdrawal of PB caused a two- to threefold in-
crease in the population-doubling times for these
hepatocyte lines (Table 2).
To determine how PB influenced hepatocyte popu-
lation expansion, the rates of cell birth and cell death
were monitered. Replicate dishes of 6/27 Cl hepa-
tocytes were subcultured at 5000 cells/cm2. After at-
tachment in the presence of PB, PB was removed
from half of the cultures. After various numbers of
days in culture medium plus or minus PB, cells were
incubated with tritiated thymidine overnight. Labeling
indices (% S-phase nuclei) were then determined by
autoradiography (Figure 5 A). The labeling index of
day 0 was the DNA synthesis during the period of cell
attachment in the presence of PB. Cells grown in the
presence of PB had two- to threefold higher labeling
indices compared with cells grown in the absence of
PB. When the cell culture reached confluence at day
10 in the presence of PB, the labeling index was re-
duced by nearly 90%. The effect of PB on cell death
in the 6/27 Cl line was examined in parallel by dye
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Figure 5. The ejfect of PB on proliferation and death of the pure)
6127 Cl hepatocytes. (A) The Sphase labeling index of 6127 Cl hepa-
tocytes pluts and minus PB was determined at various times after suib-
culture in the presence or absence ofPB. (B) The trvpan bluie dye ex-
clusion assay was performed with replicate cultures of 6127 Cl
hepatocytes.
exclusion assay. After various days of culture with or
without PB, hepatocytes were incubated with trypan
blue. The trypan blue-positive hepatocytes at day 0
reflect the numbers of dead cells right after cell at-
tachment in the presence of PB. There was a relatively
high number of dead cells immediately after subcul-
ture, which was probably due to toxicity induced by
trypsinization (Figure 5B). Over time after subculture,
the percentage of dead cells increased in the ab-
sence of PB, and decreased in the presence of PB.
After 12 days in the absence of PB, the fraction of
dead cells (7%) was about seven times that seen after
12 days' incubation in the presence of PB. Electron
1
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microscopic analysis indicated that the increased
rate of cell death in the absence of PB was due to lytic
cell death and not apoptosis (data not shown).
Because of the apparent disparity between re-
sponses to PB seen in assays of colony formation and
population expansion, the effect of cell density on
hepatocyte proliferation was examined. 6/27 Cl
hepatocytes were seeded at 5000, 2500, and 1000
cells/cm2; then, PB was removed from half of the cul-
tures after cell attachment. Growth curves are shown
in Figure 6. At the highest cell density (5000 cell/cm2),
the numbers of hepatocytes increased continuously
up to day 8 and then reached a plateau in the pres-
ence of PB. In the absence of PB, the numbers of
hepatocytes also increased steadily but with a slower
rate (Figure 6A). When hepatocytes were seeded at
2500 or 1000 cells/cm2, hepatocytes grew steadily in
medium containing PB. In the absence of PB, how-
ever, the numbers of hepatocytes increased up to day
6, and then population expansion ceased (Figure 6,
B and C).
Discussion
Several laboratories have reported that a small frac-
tion of hepatocytes isolated from carcinogen-treated
rat liver may exhibit enhanced proliferative capacity
in vitro.110 The SV40 large T antigen also has been
used to transform hepatocytes to immortal and tu-
morigenic lines.2425 The two hepatocyte lines de-
scribed here were derived from rat livers after a single
administration of carcinogen in vivo. These lines ap-
pear to have arisen from EL/EGV hepatocytes in
mixed cultures and progressed to immortal lines dur-
ing in vitro passaging; one line progressed further to
tumorigenicity. Previous studies of PB-dependent
hepatocytes that were initiated under the same con-
ditions as described here failed to establish perma-
nent lines.9'10 The use of a feeder layer in this study
may have facilitated the subsequent establishment of
permanent lines. The pure hepatocyte lines obtained
at passage levels 77 to 81 have been in culture con-
tinuously for over 3 years, and clones derived from
single cells have been isolated. The growth capacity
of the cell lines suggests that these hepatocytes
have achieved indefinite proliferative lifespan, or
immortality.
Neoplastic progression in vitro in other cell culture
systems has been demonstrated to be a multistep
process including initiation of EL/EGVs, immortaliza-
tion, and transformation to tumorigenicity.2.3,26 Im-
mortalization of human cells also has been demon-
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Figure 6. Cell density effects on PB-dependent proliferation of the
pure 6127 Cl hepatocytes. The growth curves of 6/27 Cl hepatocytes
in the presence or absence of PB are shown for preparations at the
initial seeding densities of (A) 5000 cells/cm'2, (B) 2500 cell/cm2,
and (C) 1000 cells/cm2.
processes defined as Ml and M2 are lost.27 The lim-
ited lifespan of normal cells in culture is believed to be
controlled by the Ml mechanism.2728 Viral onco-
genes such as SV40 large T antigen, human papil-
loma virus E6/E7, and adenovirus El A/El B allow cells
to bypass Ml controls that induce senescence arrest
of cell proliferation. These oncogene-transformed
cells resemble EL/EGV seen in in vitro models of
chemical carcinogenesis. However, during this ex-
tended growth period in vitro, most cells that have
escaped from scheduled cell senescence will reach
a new stage in which net growth of the population
ceases.29 This stage known as crisis is caused by
the M2 mechanism.27 During crisis oncogene-
transformed cells undergo lysis and detach from
dishes even as attached viable cells continue to syn-
thesize DNA.29 Very few cells escape crisis to be-
come immortal.
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By using temperature-sensitive SV40 large T anti-
gen or dexamethasone-inducible large T antigen,
conditionally immortalized human cell lines can be
established.30'31 These lines display indefinite prolif-
erative lifespan in vitro (i.e., immortality); yet when
T-antigen function is deleted by incubation at the re-
strictive temperature in the case of temperature-
sensitive protein, or withdrawal of dexamethasone in
the case of the hormone-inducible protein, the cells
cease growth and are unable to form colonies. The
PB-dependent hepatocyte lines resemble condition-
ally immortalized human cells. Both 6/15 and 6/27
lines displayed PB-dependent colony formation. One
clone from the 6/27 line, 6/27 Cl, retained its depen-
dence upon PB with colony-formation efficiency be-
ing reduced by 99% after withdrawal of PB. Lytic
death of hepatocytes in the absence of PB also was
found to occur even as viable cells were synthesizing
DNA. It is conceivable that, in analogy to the condi-
tionally immortal human fibroblasts, PB may be re-
quired for suppression of mortality mechanisms Ml or
M2 in chemically initiated hepatocytes.
Our results suggest that PB may enhance growth
of some initiated hepatocytes both by sustaining cell
proliferation and preventing cell degeneration in vitro.
These phenomena are quite analogous to the situa-
tion in vivo in which the number and size of AHF may
decrease after the withdrawal of PB.32 The 6/27 Cl
hepatocytes displayed strict PB-dependence at
colony-formation density, implying that PB was re-
quired for clonal expansion of a single hepatocyte. At
higher cell density, there was a shift from PB-
dependent (at densities below 2500 cells/cm2) to PB-
enhanced (at densities above 5000 cells/cm2) growth
for the 6/27 Cl hepatocytes. The fact that hepato-
cytes were able to grow in the absence of PB at
high cell density suggests that hepatocytes that have
progressed under these selective conditions may
produce factors to replace PB and to facilitate cell
growth. Such an effect of cell density on cell growth
has been observed in a human colon carcinoma cell
line and was attributed to the stimulation of cell
proliferation by autocrine production of TGF-a .33 It is
conceivable that these 6/27 hepatocytes may
also possess autocrine proliferation capacity. This
phenomenon is currently under investigation.
Growth of 6/15 hepatocytes to form hepatocellular
carcinomas after transplantation into syngeneic rat
livers did not require that the recipient rats receive PB
in their diet. In contrast to 6/15 hepatocytes at pas-
sage 55, which showed strong PB dependence for
colony formation, pure 6/15 hepatocytes at passage
90 showed less PB dependence for colony formation.
This observation suggests that some of the 6/15
hepatocytes may have progressed to become
PB-independent. Further studies should address
whether loss of PB-dependence is required for pro-
gression to tumorigenicity. Outgrowth of hepatocel-
lular carcinoma after transplantation of the 6/15 line
confirmed that the stages of promotion and progres-
sion of hepatocarcinogenesis can occur in a cell cul-
ture system in vitro.7,34 These and previous studies of
initiated hepatocytes suggest that PB is required for
this neoplastic evolution in vitro.
The notable feature of the 6/15 and 6/27 hepato-
cyte lines is that their growth and viability in culture
were responsive to the presence of the liver tumor
promoter, PB. Indeed, the 6/27 Cl line displayed strict
dependence upon PB for growth and viability. This
appears to represent the first description of immortal
hepatocytes that are promoter-dependent. In this in
vitro carcinogenesis assay system, PB was required
for the initial outgrowth of hepatocyte EL/EGVs and for
their progression to immortal and tumorigenic lines.
The PB-dependent and PB-responsive characteris-
tics of these hepatocytes in vitro suggest that these
hepatocytes may be derived from the population of
initiated hepatocytes that can be promoted by PB to
form hepatocellular adenomas and carcinomas in
vivo. Our results imply that PB may induce a unique
response in initiated hepatocytes that is not seen in
normal cells. PB may promote neoplastic progression
by alteration of growth control pathways that limit pro-
liferative lifespan in the initiated cells. Because lifes-
pan controls in human fibroblasts are linked to tumor
suppressor gene function,27 the results suggest a
testable hypothesis that tumor promoters may sup-
press tumor suppressor gene function in initiated
cells.
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